Abstract. Mapping of Dione Regio, Venus, a regional highland 1200 by 2700 km in size with mean elevation of 6052 km located in the southern hemisphere to the NW of Lavinia Planitia, reveals a region characterized by early tectonically dominated structure and later widespread volcanism and centralized edifice construction. Small patches of complexly deformed terrain (tessera) and larger regions of plains characterized by a single direction of deformation (tectonized plains), preserved as inliers, are embayed by more recent widespread volcanic plains. Smaller-scale plains resurfacing superposed these plains following a pervasive compressional event that lead to distributed wrinkle ridge formation. Four major volcanoes dominate the topographically irregular highland, each with similar early-stage radar-dark lava flow deposits but significantly different late-stage eruptions. These late-stage differences are manifested as dark, diffuse deposits (possibly pyroclastic in origin) and construction of a single steep-sided dome at Ushas Mons, a small shield-volcano field at Nepthys Mons, and bright diffuse deposits (possible pyroclastic deposits) with summit dome and pit formation at Innini and Hathor Montes. The presence at all of these volcanoes of radial lineaments and graben, interpreted to be related to near-surface lateral dyke emplacement, and late-stage summit constractional features indicate that shallow magma chambers occur at each edifice. Variations in the evolutionary history of and eruptions from these chambers may explain the differences observed in the deposits at these major edifices. It is also possible, however, that fundamental differences in the magma source region was a major factor in determining the appearance of the deposits. Of the several models considered for the formation of the region, secondary upwellings from a single large mantle plume or the near-contemporaneous upwelling of multiple smaller plumes best explain the observed characteristics at the rise. A comparison to other volcanic highlands suggests that there are at least two classes of volcanic rises on Venus, an areally and topographically large type with significant volcanism and rift zone formation (like Beta Regio) and a smaller-scale type with extensive volcanism but moderate rifting (like Western Eistla Regio). These two classes reflect a spectrum in size and vigor of mantle upwellings. The Dione rise is most like Western Eistla Regio in terms of areal extent, topographic elevation, and geologic complexity. To examine the variability of any single factor across the planet, however, it is necessary to compare volcanoes. Ideally, we would like to examine volcanoes that differ significantly in only one factor, in the hope that this would allow us to attribute any differences in volcanic style or nature of deposits to a defined difference in that factor (for example, thickness of the lithosphere). Although it is clearly difficult to prove that any two volcanoes share many factors, there are cases where we can be reasonably certain that many of the complicating factors are eliminated.
Introduction
The In contrast to other volcanic highlands on Venus, which have Pioneer-Venus gravity anomalies ranging from 60 regal (at Western Eistla Regio) to over 150 regal (at Beta Regio), the positive gravity anomaly at Dione Regio is only approximately 20 regal and it is not a well-defined bulls-eye, as at the other highlands . The interpretation given to these gravity anomalies at the volcanic highlands is controversial. Preliminary investigations using the Magellan gravity data led Phillips [1993] to suggest that the magnitudes and geographic distribution of the anomalies was indicating lithospheric loading by the large volcanic edifices and that no mantle plume was required. The same data set was used by Solomon et al. [1993] and Simons et al. [1993] to propose that dynamically supported topography related to large-scale mantle upwelling was the cause of the anomalies and that variations in lithospheric thickness contributed to the variations observed between regions. Gravity anomalies for single edifices (superposed on the regional anomaly associated with the upwelling plume) suggest that lithospheric thicknesses of 30-70 km are required to support the volcanic loads . Although these latter models included an anomaly from one of the Dione volcanoes, none of these studies specifically examined Dione Regio as a whole, and thus an interpretation based solely on gravity is equivocal.
Stratigraphy of Dione Regio
Detailed mapping of Dione Regio and an analysis of the embayment and superposition relationships between the identified units allow us to determine the stratigraphy of the region, and thus to outline its geologic history. We have identified nine major units in Dione Regio (Figure lc) , including six plains subdivisions, and we describe these in ascending stratigraphic order.
2.2.1. Tessera (t). Tessera terrain is topographically elevated, generally equidimensional, blocks of complexly deformed terrain [Barsukov et al., 1986; Bindschadler and Head, 1991] . The spacing between the ridges and grooves that make up the tessera fabric is small enough that it is usually not possible to observe the precursor terrain. Tessera is believed to represent regions of thickened crust that have experienced one or more compressional events usually followed by a latestage extensional event . At Dione, tessera occurs in small (few tens of kilometers across) patches that are generally on the northern flanks of the topographic rise. It is embayed by younger plains units. This . This image is a mosaic of cycle 1 (west side) and cycle 3 (central and east side) data. In both cases the look direction was from left to right (nominal) and the incidence angles range from 35 ø near the north to 28 ø at the south. Thermal problems with the spacecraft towards the end of the imaging mission resulted in the somewhat more degraded appearance of these data relative to other Magellan image data. stratigraphic position suggests that it is probably the oldest unit in the region, an interpretation that is consistent with stratigraphic analyses in many areas across the planet [Basilevsky and Head, 1995] . A few small patches of tessera to the NW of Hathor Mons (Figure 3b ) are the source of windstreaks, suggesting that the complex deformation produced a source of aeolian material.
Tectonized plains (Pt)'
In contrast, the . Figures l c and l d) and to the SE it cms directly across topography associated with the concentrated region of wrinkle ridges. It is difficult to argue that either of these positions are optimal extension locations, unless we suggest that buttressing by Innini (approximately the correct orientation) is more significant than buttressing by the surrounding older plains and thus dominates. Aitematively, the location may be unrelated to buttressing. At Guor the location of the rift zone is attributed to fracturing associated with original, t>revolcano uplift that is further concentrated by continued activity at Gula Mons and regional stresses [Grimm and Phillips, 1992] . This scenario would require that the fractures at Hathor be relatively old, probably prewrinkle ridge, since we have shown above that some topography associated with the centxalized volcanism in Dione predates the wrinkle ridging. These fractures, however, clearly cut the wrinkle ridges in the surrounding plains as well as significant regions of lava flows associated with the volcano, arguing for relative youth. Thus elthough it is not particularly satisfying, we suggest that Innini is in fact the dominant solid mass in the region and that the rift zone is located in a position that allows some extension away from , 1994b] . It is also possible, however, that differences in the properties of the material arriving from depth or the mechanism by which it arrives may be the dominant factor influencing the appearance of these edifices. Possible scenarios to explain these differences are discussed below.
Formation of the Dione Rise
The areally extensive volcanic rises on Venus have frequently been interpreted to be related to the arrival and eruption of mantle plume material derived from great depth [Senske et al., 1992; Bindschadler et al., 1992; and references therein]. This mechanism has been used to explain the elevated topography, the large positive gravity anomalies, the turning of wrinkle ridges in the plains to become concentric to the topography, the prevalence of volcanism and magmatism (coronae), and the presence of rift zones observed in the regions.
In a broad sense, these characteristics are all observed at Dione Regio, and thus some sort of mantle plume scenario seems to be a reasonable hypothesis for the formation of the region. There are, however, several variations on the plume theme, some of which were discussed for Western Eistla Regio [$enske et al. 
3.3.1.
A single mantle plume (Figure 9a ). On the Earth and, by analogy, on Venus, mantle plume heads are assumed to form as an instability at a deep thermal boundary layer, to rise and entrain mantle material, to encounter the lithosphere, to spread beneath that lithosphere, causing topographic elevation and thinning of the lithosphere, to melt by adiabatic decompression, to erupt, and to be followed by "tail" material that is relatively uncontaminated by mantle entrainment unless it is significantly tilted Campbell, 1990, 1991; Olson, 1990; Hill, 1991 Figure 9d ). Although there is little stratigraphic evidence to indicate the relative timing between the eruptions at the Dione edifices, the existence of elevated topography before the plains ridging event at both Hathor and Innini indicates that they likely began to erupt at about the same time. This suggests that if multiple plumes are responsible for the eruptions at Dione, they anSved at the surface at similar times. The diameter of the edifices and their distance apart suggest that the flattened plumes would have to be at most 600 km across, which implies that the original plume head was only about 300-kin diameter, small even by terrestrial standards [Griffiths.and Campbell, 1990] [Crisp, 1984] ), Hathor would require 42.5 m.y. to erupt the observed volume, slightly longer to form than the model would seem to permit, and at lower melt production rates it would be difficult to form the volcano in the allotted time span. They also found that these small-scale upwellings tended to have a characteristic horizontal spacing (=2.5D) which depended on the depth below the lithosphere at which melting begins (D). The smallest spacing between edifices at Dione (600 kin) would suggest a depth to the start of melting of =240 kin, more than twice the depth at which significantly hotter mantle plumes on Venus are predicted to start melting [Hess and Head, 1990 ]. Thus to first order, it appears that, although this mechanism may help to explain some of the smaller volcanic features on Venus, it is unlikely to be the dominant mechanism responsible for the formation of the Dione volcanism.
Comparison of Dione With Other Regional Volcanic Highlands
The major characteristics of five volcanic highlands on Venus are outlined in Table 1 . They can be grouped into two groups on the basis of their areal extent, topographic expression, and gravity anomalies. Beta and Atla Regiones are both more than 10 x 10 • km 2, have topographic elevations of approximately 6053-6054, and gravity anomalies of more than 100 regal. They both have three major volcanic edifices (as well as some minor ones) and many coronae located generally on the flanks and outer edges of the highlands. These large rises have well-developed rift zones that bisect some of the volcanic edifices and which form complex junctions. Tessera is a dominant unit at Beta, apparently disrupted by the upwelling and rifting [Senske etal., 1992] . At Atla, tessera is minor, occurring on the flanks.
In 
Conclusions
A comparison of the images taken by the Arecibo observatory and the Magellan spacecraft indicate that no significant changes have occurred at Dione Regio in at least the last 4 or 5 years. The complementary viewing and incidence angles between the two radar systems give us confidence that the distinctly different deposits associated with the large volcanoes are real and not an artifact of viewing geometry. The images allow us to build up a local stratigraphy for the region. Early-stage tectonic activity (in the form of tessera and tectonized plains) was replaced by dominantly volcanic activity. Extensive plains formation occurred before the beginnings of topographic elevation and centralized eruptions. A widespread compressional event caused wrinkle ridges to form in the plains. Smaller-scale resurfacing followed, and eventually edifice construction dominated the region. Four major and four minor volcanoes, as well as a few small coronae occur throughout the region, and the relative timing between theft eruptions is ambiguous. Although the evidence is not as compelling as at Sapas Mons [Keddie and Head, 1994b] and other volcanoes on Venus, the presence of lava flow units, late-stage summit constructional features, and lateral dykes at all four major volcanoes indicates the presence of magma chambers at depth.
Because of their similar settings and the likelihood that theft magma chambers are probably of similar size and location, the deposits at the four large volcanoes at Dione are likely reflecting either differences in the evolution of the chamber (such as volatile buildup or chemical evolution) or primary differences in the magma, such as temperature, volatile content, or composition. If these differences are attributed to primary variations, then these distinct deposits, as well as the volumes of the edifices and the topography and gravity of the area can provide constraints on possible models for the formation of the rise. The five models presented (Figure 9 ) are each consistent with many of the characteristics observed at Dione to varying degrees. Although it is difficult unequivocally to rule out any one of these models, we favor either the single plume with secondary upwellings model (Figure 9b ) or the multiple, small plumes model (Figure 9d ). Both of these models can explain the irregular topography at Dione and allow for significantly different magma properties at the different volcanoes.
It is unclear at this time how to distinguish between these two models. Higher-resolution gravity data might be able to resolve the single plumes in the latter model. Depending on the depth at which the secondary upwellings form, however, the distinction between these models may become nothing more than a semantic argument Both of these models have been proposed for the formation of Western Eistla Regio [Senske et al., 1992] , the volcanic highland most like Dione Regio. A comparison of this and other volcanic highlands to Dione reveals that they all share many characteristics (Table 1 ). The details of the comparison, however, indicate that there are at least two classes of volcanic highlands: large, high, severely rifted rises with significant gravity anomalies (Beta and Atla Regiones); and small, lower, mildly rifted rises with small to moderate gravity anomalies (Dione, Western Eistla, and Bell).
These two broad classifications, as well as the detailed differences between rises, indicates that there is a spectrum of upwellings or plumes on Venus and that the diversity and distribution of volcanic activity within a region reflects the interaction of this spectrum with preexisting, local conditions.
